Angular dependence of the magnetization reversal in exchange biased Fe/MnF,
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Abstract

A detailed study of exchange-biased Fe/MnF; bilayers using magneto-optical
Kerr Effect shows that the magnetization reversal occurs almost fully through domain
wall nucleation and propagation for external fields parallel to the exchange bias direction.
For finite angles ¢ between bias and external field the magnetization is aligned
perpendicular to the field cooling direction for a limited field range for decreasing fields.
For external fields perpendicular to the bias direction the magnetization aligns with the
field cooling direction for descending and ascending fields before fully reversing. The
field range for which the magnetization is close to perpendicular to the external field can

be estimated using a simple effective field model.



The magnetization reversal in a ferromagnet (FM) / antiferromagnet (AFM) bilayer can
be significantly altered upon cooling in an external magnetic field below the Néel
temperature of the AFM [1]. In such “exchange biased” bilayers, the coercivity is
enhanced [2], the loop shifts away from zero field to positive [3, 4] or negative field
values [1, 2], vertical loop shifts have been observed [5] as well as asymmetrically
shaped loops [6]. However, only very few studies detailed direct observations of
asymmetric reversal processes, that is domain nucleation and growth for one field branch,
e.g. ascending fields, and magnetization rotation for the opposite field branch, e.g.
descending fields [7-11]. For example, X. Portier et al. [7] studied NiFe layers coupled
to a range of antiferromagnetic films (FesoMnsg, Irso0Mnsg, and NiosCo750). For
increasing fields the reversal is dominated by domain nucleation and growth, but for
decreasing fields the reversal occurs by moment rotation followed by domain nucleation
and growth. Bomagquvist et al. [8] used Photoemission Electron Microscopy to show that
the domain configuration at zero field in exchange biased Fe/MnPd bilayers is very
different for descending fields (single domain) as opposed to ascending fields (domains
with the magnetization mostly along to the bias direction). M. Gierlings and coworkers
[9] reported a reversal through domain wall motion in the decreasing field branch and
rotation in the increasing field branch for the exchange biased Co/CoO system. To date,
one of the most thorough studies of asymmetric magnetization reversal has been
conducted by Fitzsimmons et al. [10] and Leighton et al. [11] on Fe/MnF,. They found
that when the field is reduced from positive saturation, the magnetic moments align with
a direction orthogonal to the original easy axis, before the magnetization is fully reversed.

The field range that permits the perpendicular alignment increases with improved film



quality [11]. As the field is reduced from negative saturation, the unidirectional

anisotropy stimulates nucleation of domains and rotation is suppressed.

In this paper, we report a detailed angular-dependence study of the Fe/MnF;
model system using magneto-optical Kerr effect (MOKE). Our results demonstrate that
the magnetization reversal depends sensitively on the alignment between the external
field and the bias direction (angle ¢). With a perfect alignment (¢=0), the magnetization
reversal occurs almost completely through domain wall nucleation and propagation. For
¢> 4°, during the decreasing field sweep the magnetization aligns almost completely to a
stable state perpendicular to the cooling field direction. With increasing ¢, the field range
that can sustain such a perpendicular moment increases. In contrast, along the ascending
field sweep the magnetization is largely independent of ¢. If the external field is applied
perpendicular to the field cooling direction, the magnetization is oriented parallel to the
bias direction, i.e. perpendicular to the external field, for a limited field range in both
loop branches. The field range for which the perpendicular orientation is possible can be

calculated using a simple effective field model.

Details of the sample preparation and characterization were given in previous
publications [3, 4]. The layer structure is MgO(100) / 250 A ZnF,(110) / 500 A
MnF,(110) /120 A Fe/50 A Al. The MnF; layer grows as twinned quasi-epitaxial thin
film. One AF crystal domain is oriented with [1-10] MnF; || [110] MgO and the other
domain is oriented with [001] MnF; || [110] MgO. The Fe overlayer is polycrystalline.

The sample was cooled from 150 K through the Néel temperature of the MnF; layer, Ty



=67 K, in a field, Hs. = 1000 Oe. The cooling field was applied along the direction
bisecting the [001] axes of the two AF domains, i.e. the easy anisotropy axes of the AF
layer. This geometry causes a frustration of the coupling between the individual AF
twins and the ferromagnetic overlayer and leads to an effective “45° coupling,” resulting
in two easy axes for the ferromagnet bisecting the easy axes (the [001] axes) of the two

AF domains [11].

The MOKE experiments were performed with p-polarized light in the longitudinal
geometry using an eight pole magnet allowing us to apply magnetic fields upto 0.8 T in
any direction to the sample surface [12]. The MOKE set up is very similar to the one
described by Ohldag et al. [13]. The angle of light incidence was 45° to the sample
surface. M-H MOKE loops were measured at T = 15 K with the magnetic field oriented
in the plane of the sample at angles ¢ = ¢o +Ad with ¢ = 0°, 90° and —35° < Ad < 35° to
the plane of incidence of the laser light. The bias direction of the sample was oriented
either parallel or perpendicular to the plane of light incidence. This produces M-H and
M, -H MOKE loops which can be used to determine the orientation and relative strength
of the magnetization relative to the cooling field direction as sampled over the area of the

laser beam [14].

Figure 1 shows the field dependence of the magnetization components parallel
and perpendicular to the cooling field direction for ¢o = 0° and different angles A¢
between the external field and the bias direction. For ¢ = A¢ = 0° and descending fields

no perpendicular component is observed, i.e. the reversal mechanism occurs through



domain nucleation and motion. For ascending fields a small perpendicular component is
found. Its magnitude is almost independent of ¢. For an angle ¢ = A¢ = 5° (Figure 1(b))
the Fe moments are oriented perpendicular to the external field for descending fields
between H; = -125 Oe and H, = =150 Oe. With increasing angle A¢ the field range |H, —
Hy| increases. The magnetization always aligns with H' e, i.€. the perpendicular

magnetization component reverses it sign with A¢.

The magnetization reversal for external fields applied close to perpendicular to
the field cooling direction, i.e. ¢o = 90°, is shown in Figure 2. Independently of A¢, the
magnetization aligns with the easy direction given by the bias for ascending as well as
descending field. For increasing A¢, the field range for which the Fe moments are
aligned with the bias direction decreases with descending fields and increases for

ascending fields.

In a simple model, similar to the one used by Beckmann et al. [15], the effective
field acting on the ferromagnetic layer can be viewed as a superposition of three
components: the exchange field of the antiferromagnet Hx (>0) aligned with the bias
direction, the anisotropy field Ha (>0) aligned with the easy axes of the ferromagnet as
well as the external field Hex. FOr ¢o = 0, the external field can be decomposed into two
orthogonal components Hley = Hext cosA¢ parallel to the cooling field direction and H ey
= Hex: SINAG perpendicular to it. The anisotropy field Ha depends on the projection of the
magnetization on the easy axis and therefore points to opposite directions on opposite

sides of the hysteresis loop. Acting on the ferromagnet for decreasing fields close to the



onset of reversal is H! = Hx + Ha + Hlx; = Hx + Ha + Heyx cOSAG along the cooling field
direction with Hex<O0, i.e. the external field Hex: is opposite to Ha and Hx. Only the
external field component He = Hex: Sin|Ad| favors a reorientation of the Fe moments
perpendicular to the bias direction. In the simplest approximation the magnetization will
remain parallel to the bias direction for [H!| > |[H*| and reorient to a perpendicular
orientation for |H'| <|H*|. Consequently, the magnetization reorientation occurs at Hy = —
(Ha + Hx)/(cosA¢ + sin|A¢|). Using the same description a transition from perpendicular
to antiparallel to the field cooling direction will occur for |H| > |H*|. In this case —Hlex>
Hx >0 is necessary to align the moments opposite to the bias direction and therefore |H”| =
—Hyx + Hex COsAG. The effective field along the magnetization is |[H'|= Ha — Hex: SinjA).

Therefore the magnetization realigns at |[H,| = — (Ha + Hyx)/(COSAd — sin|Ad)).

For ascending fields Hx and H'ey (> 0) are opposite to Ha and consequently H' =
— Ha + Hx + Hex c0sAG and H' = Hey SinA¢. A transition to a perpendicular state will
occur at H3= (Ha — Hx) / (cos Ad —sin |[A¢|). Similarly, a transition from a perpendicular
to a parallel orientation will occur at Hy = (Ha — Hx) / (c0S A — sin|A¢[) which is
identical to Hs. That the fields for reorientation to and from a perpendicular state are
identical indicates that a perpendicular orientation of the magnetization to the bias
direction is not a stable configuration for ascending fields. That a small perpendicular
component is observed for a very limited field range is due to the fact that Hx and Ha
show an small angular distribution in any real sample Indeed in the Fe/MnF; bilayer the
magnetization reverses for Hex around 30 Oe for ascending fields, i.e. fields Hx and Ha

acting on the magnetization are aligned but opposite. As discussed by Beckmann et al.



[15] this favors the nucleation of domains magnetized parallel to the external field and

bias direction and magnetization reversal is achieved though domain wall motion.

A very similar situation occurs for descending fields and ¢ = 0°. The effective
field H' = Hex — Hx — Ha is aligned with the magnetization but opposite to it leading to a
reversal through domain nucleation and growth. We expect this behavior for any system

with a strong unidirectional or uniaxial anisptropy.

We can extend the effect field description to ¢o = 90° and obtain the following
expressions: H; = —(Ha — Hx)/(cosA¢ — sin|Ad|), H2 = —=(Ha + Hx)/(cosA¢ + sin|Ad|), Hs =
(Ha — Hx)/(cosAd + sin|Ad|), Hs = (Ha — Hx)/(cosA¢ — sin|A¢|). For ¢ = 0°, we find H;=
H, = —(Hx + Ha) and Hs= H; = Ha — Hx and consequently Hx = 54 Oe and Ha = 87 Oe
for the exchange biased Fe/MnF; system under consideration here (see Figure 1(a)).
Using the experimental values we can determine the A¢ dependence of H; 1 =1, ..., 4 for
do = 0° and 90°. The results are shown in Figure 3 in comparison with experimental
results. The simple effective field describes the experimental results very well while not
containing a single free parameter. It accounts for the dominant features of the A¢

dependence of H; i=1,..., 4.

Leighton et al. [11] reported that the field range for which a perpendicular
orientation of the magnetization to the bias direction is observed increases with improved
film quality (for constant ¢). This can be explained using the effective field description

by considering that the anisotropy field Ha is increasing with improved film crystallinity.



Consequently, Hx + Ha and with that |H, — H,| increases for better quality films (for fixed
¢). Additional experiments on samples of different crystalline quality are needed to

confirm this interpretation.

In summary, applying an external field as angles 0° < |A¢| < 35° to the bias
direction results in a reorientation of the Fe moments perpendicular to the field cooling
direction for descending fields and magnetization reversal largely through domain
nucleation and propagation for ascending fields. For fields near ¢o = 90° the
magnetization aligns with to the easy direction defined by the cooling field for ascending
as well as descending fields. The field range for which the magnetization is oriented
perpendicular to the external field can be estimated using a simple effective field model,
taking external field, exchange bias field, and anisotropy field of the ferromagnetic layer
into account.

A detailed theory of magnetic exchange bias obviously needs to correlate the
microscopic structure of a system with the magnetization reversal process. However, a
simple and intuitive description as achieved with the effective field model is very

valuable for a basic understanding of the main characteristics of the effect.
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Figure Captions

Figure 1:

MOKE loops for external fields (black arrow) at (a) A¢ = 0° and (b) A¢ = 5° with respect
to the field cooling direction (white arrow). For A¢ = 0° the hysteresis loop is close to
square. For A¢ = 5° the loop show a plateau for decreasing fields for which the Fe

moments are oriented perpendicular to the bias direction.

Figure 2

Magnetization reversal for external fields (black arrow) applied close to perpendicular to
the field cooling direction (white arrow), i.e. ¢o = 90° and (a) Ad = 0°, (b) Ap =6°. The
magnetization aligns with the easy direction given by the bias for ascending as well as

descending field.

Figure 3

Comparison of experimental values (symbols) with the effective field model (lines) for
external fields (a) near the bias direction, i.e. ¢o = 0°, and (b) close to perpendicular to the
bias direction, i.e. ¢o = 90°. The field values obtained from loops measured in parallel
(perpendicular) geometry, i.e. with external fields parallel (perpendicular) to the plane of

light incidence, are shown by solid (open) symbols.
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